We show how nacre and pearl construction in bivalve and gastropod molluscs can be understood in terms of successive processes of controlled self-assembly from the molecular-to the macro-scale. This dynamics involves the physics of the formation of both solid and liquid crystals and of membranes and fluids to produce a nanostructured hierarchically constructed biological composite of polysaccharides, proteins and mineral, whose mechanical properties far surpass those of its component parts.
INTRODUCTION
Pearl and nacre, or mother of pearl, have been appreciated since antiquity for their beauty and have been studied scientifically for at least the past 150 years (Addadi & Weiner 1997) . As a result of these researches, it is now understood that nacre is not just of interest for its aesthetic qualities, but also as a material of exceptional performance compared with the properties of its component parts (Jackson et al. 1988) , and it has become a challenge to those engaged in fabricating biomimetic products to replicate the structure of this iconic biomineral (Mayer 2005; Sanchez et al. 2005) .
As seen with the naked eye, nacre is an iridescent layer that composes the inner surface of the shell of numerous species of mollusc, while pearl is a similar coating formed around a foreign body trapped within the organism in many of these species; we shall henceforth use the term nacre to refer to both. It is a very stiff, strong and tough material (Jackson et al. 1988) , fabricated by the organism as part of the armour of its shell, which generally comprises the nacreous inner layer, together with an outer layer with a different microstructure. One idea is that this structure could function like modern body or vehicle armour that combines a harder outer layer as a primary barrier to penetration with a tougher inner layer which dissipates energy and stops cracks, should the outer layer be breached, but it is not clear that the outer layer of the shell possesses the appropriate material properties, and it may be that the outer layer is laid down just to provide a firm base for the nacre assembly. Whatever selection pressures may have been brought to bear to produce nacre, its structure is certainly exquisitely detailed. The two classes of nacre-producing molluscs that are commonest, and have been most studied, are the bivalves and the gastropods and we choose here to study, compare and contrast nacre from species of these two taxa.
When the growth surface of nacre is viewed on the mesoscale, piles of tablets are seen to give rise to a landscape of columns in gastropods (figure 1a-d ), while steps or terraces of tablets form arrangements of spirals, labyrinths and target patterns in bivalves (figure 1e-l ). If we zoom in to observe nacre on the micro-scale, each tablet is found to be formed mainly of crystalline calcium carbonate in its aragonite polymorph and is bounded above and below by an organic mortar, the interlamellar membrane. In bivalves, the structure is that of a brick wall, with tablets in each layer offset with respect to those in the layers above and below them, while in gastropods the tablets are not offset but are piled one on top of another. On looking in yet more detail, now at the nanoscale, we find that each brick is a composite of aragonite mineral incorporating organic fibres, while the mortar is a composite of chitin crystals embedded in a proteinaceous matrix. Figure 2 summarizes the hierarchical structure of nacre from the molecular-to the macro-scale, whose development has been our concern in the present study.
Although the assembly of nacre is programmed by the genetics of the organism in as much as the chemical species present, their concentrations and moment of appearance are all presumably under genetic control, the construction work goes on without a cellular template in the extrapallial space, a liquid filled cavity beyond the direct control of the cells, and thence must occur by the self-assembly of the component parts through physical and chemical mechanisms. The formation of nacre is thus genetically choreographed, but proceeds in a selforganized fashion from the dynamics of the physical and chemical processes that, beginning with molecular components, produce a series of structures each of which in turn serves as the building block for the next level in the hierarchical fabrication. We affirmed above that pearl and nacre are one and the same material. In fact, very little has been published recently in the open literature on pearl, as opposed to nacre structure. We assume that commercial pressures lead to much research on pearl being carried out in secret; moreover, the cost of samples to study is much greater with pearl than with nacre. However, earlier work demonstrates that the environments of pearl and nacre assembly are structurally identical, with the so-called pearl sac within which a pearl develops being functionally analogous to the mantle epithelium (Bevelander & Nakahara 1969) , and our own investigations indicate that the pearl morphology follows that of the nacre of the same species of mollusc.
While others have investigated in detail one or another aspect of nacre construction and of the biological processes that beget it, the dynamics of the self-assembly is what interests us here. We have combined our own observations of nacre with scanning and transmission electron microscopy together with a careful examination of the results of others who have utilized many different techniques to study one or another aspect of nacre construction and have applied to this structural analysis a knowledge of the physics of solid and liquid crystals and of membranes and fluids to arrive at a fresh theoretical viewpoint for understanding the dynamics of nacre construction that we believe will provide fruitful insights for those engaged in unravelling the underlying molecular biology.
MATERIAL AND METHODS
Living specimens were fixed in 2.5% glutaraldehyde in a 0.1 M cacodylate buffer. Field emission scanning electron microscope (Leo Gemini 1530) observations were carried out always on untreated specimens, both on the growth surface and on fractured and polished sections. High-resolution transmission electron microscope (Philips CM20) observations were carried out on samples of ours completely decalcified with 2% EDTA, and on specimens of the late Hiroshi Nakahara of Meikai University (figure 5), which were prepared according to the protocol described by Nakahara (1991) . Samples were coated (Hitachi UHS evaporator) with carbon for both techniques.
RESULTS AND DISCUSSION

Chitin crystallization
Our thesis is that nacre assembly begins at the molecular level with the fabrication of the polysaccharide chitin (N-acetyl-2-glucosamine), which is secreted by the animal from its mantle into the liquid filled extrapallial space between the mantle and the shell. Chitin is a biopolymer found abundantly in nature in three different crystalline polymorphic forms (a, b, and g) and is second only to its close relative cellulose in its presence throughout the biosphere. a-Chitin, with an orthorhombic crystal structure of antiparallel polymer chains forming a three-dimensional hydrogen-bond network, is the polymorph generally obtained in abiotic synthesis and is the most common in nature, being present in arthropods (in insect cuticle, crustacean carapace, etc.), fungi and elsewhere. But the chitin found in molluscs is the b polymorph (Weiner & Traub 1980) . While it is not yet established that chitin occurs in all molluscs, it has been found in each species in which it has been sought. b-Chitin, which has a monoclinic crystal structure of parallel polymer chains that form sheets of hydrogen-bonded molecules with weaker bonding from sheet to sheet (figure 3e), is less widespread than a-chitin, but it is also present in other phyla besides molluscs, and b-chitin crystallites up to 50 nm in diameter and hundreds of nanometres in length containing from tens to thousands of polymer molecules are produced in diatoms (Imai et al. 2003) and vestimentiferans (Gaill et al. 1992) . Chitin biosynthesis is not yet completely understood (Cohen 2001; Merzendofer 2006 ), but it is thought that similar mechanisms are responsible for chitin as for cellulose crystallite formation, where structures in the cellular membrane termed rosettes extrude polymer chains from closely packed pores, whence they immediately crystallize by interchain hydrogen bonding into long thin needle crystallites (Imai et al. 2003; figure 3d ) . Note that it is simpler to fabricate b-chitin rather than a-chitin with this nanoscale-directed crystallization, as only one type of extruder is required, versus two for a-chitin with its antiparallel polymer chains. Cryo-transmission electron micrographs of material from the bivalve Atrina serrata show the presence of these chitin crystallites in mollusc nacre. In figure 3a- Dynamics of nacre self-assembly J. H. E. Cartwright and A. G. Checa 493 crystallites approximately 20-30 nm in diameter and up to hundreds of nanometres in length, consisting of hundreds of chitin polymers. The black arrows in that figure point to crystallites seen side-on, while white arrows indicate others viewed end-on. Levi-Kalisman et al. (2001) note that the distance separating lattice lines in this micrograph is approximately 2 nm. This is discrepant from the distance from sheet to sheet in the b-chitin crystal lattice of 0.9 nm. However, this intersheet spacing is 0.9 nm only for the anhydrous crystal. It is now well established that the weak intersheet interactions in b-chitin easily allow molecules to intercalate the lattice to form cocrystals or crystallosolvates (Saito et al. 2000) . There are two b-chitin hydrates, a monohydrate and a dihydrate, with intersheet spacings of 1.0 and 1.1 nm (Gaill et al. 1992; Saito et al. 2002) . And there are many other molecules that can expand the lattice much more; spacings of 2 nm have been shown for b-chitin intercalated with aliphatic amines (e.g. Noishiki et al. 2003) .
There is little doubt that the chemical processing of the chitin sample of figure 3, undertaken to remove any protein, will have produced such a chitin crystallosolvate. Therefore, we should neither be surprised at the measured 2 nm spacing nor conclude that it represents the in vivo situation, which may well be that of a chitin hydrate. Vestimentiferan b-chitin crystallites have square cross-section (Gaill et al. 1992) , hence it is interesting to see that the crystallites seen end-on in figure 3b appear to be round rather than faceted. Moreover, while X-ray diffraction studies of diatom b-chitin crystallites indicate that they are conventional crystals formed of a collection of parallel planes (Imai et al. 2003) , the dense sheets of mollusc chitin, bright in the images in figure 3b and the dark intersheet regions show some signs of curvature. If this is not an artefact of the sample processing, it may be that the crystal structure here is not of the planar type, but instead displays a curved geometry (figure 3d ), as occurs in some other materials with similarly weakly bonded sheets, such as clays and graphene carbon. We are carrying out investigations of mollusc b-chitin crystallites with X-ray diffraction to clarify this point.
The liquid-crystal core of the interlamellar membrane
At this stage in the construction of nacre, we have a colloid of chitin crystallites suspended in the extrapallial liquid. Above a certain critical concentration in solution, such rod-shaped particles are compelled by their mutual interactions to adopt a certain configuration in space. They form what is termed a liquid crystal, a mesophase in which the particles possess a certain amount of order, as in a crystal, while still being free to move, as in a liquid. This self-organization process has been studied in vitro with a-chitin crystallites of dimensions similar to the b-chitin crystallites of molluscs. When dispersed in a colloidal suspension, these form a so-called cholesteric liquid crystalline phase (Belamie et al. 2004) ; one in which the crystallites are parallel to the plane of the layers, and the crystallites in each layer are twisted with respect to those in the neighbouring layers. In these experiments, measurements of the liquid crystalline structure were taken after the system had come to equilibrium, by waiting from a few days up to a year. In the mollusc in vivo, on the other hand, a fresh layer of nacre is laid down every 1-24 h (Lin & Meyers 2005) , so the system does not have time to arrive at equilibrium and, consequently, the liquid-crystalline ordering is only partial. It comprises a lamellar structure, but within the layers there is disorder, with the crystallites forming a mesh, like a logjam on a lake, as seen in figure 2. Scanning electron micrographs of the interlamellar membranes of molluscs display this felt-like structure (figure 4b,d ). Simulations of the dynamics of the formation of a cholesteric phase of a liquid crystal are qualitatively consistent with this scenario; they show that the process consists first of the orientation of the material into layers followed by its alignment within and between layers (de Luca & Rey 2004). Liquid-crystal self-organization has been postulated to explain the structures of many fibrous bicomposites ranging from plant cell walls to bone to arthropod cuticle (Bouligand 1972; Neville 1993) , and in particular, the so-called twisted plywood morphology seen in many of these instances is thought to originate as a cholesteric liquid crystal. Here, in nacre, the final morphology is somewhat different from twisted plywood, but both arise from cholesteric liquid crystals produced by the same self-organization mechanism. The extrapallial space in molluscs is narrow, which only allows one or two additional liquid-crystalline layers to form at a time; in physical terms, this is liquidcrystal formation in a growing domain. The sequence of events in nacre formation diverges at this point between bivalves and gastropods; we shall deal first with bivalves. The chitin crystallites in the extrapallial liquid of bivalves self-organize as a liquid crystal to form a fresh layer above the last formed layer of interlamellar membrane. Transmission electron micrographs of transverse sections through the growing edge of bivalve nacre show how a fresh interlamellar membrane is laid down above an existing membrane in this way (Bevelander & Nakahara 1969 ; figure 5a). The new liquid-crystal layer aligns itself with those laid down earlier, spaced away from its nearest neighbour by a characteristic distance given by the strength of the interactions between the crystallites. In laboratory experiments with a-chitin crystallites, this interlayer spacing was 60-120 nm for different concentrations (Belamie et al. 2004) , which may be compared with the approximately 90 nm spacing that we see in figure 5a for new b-chitin layers in the bivalve Pinctada radiata. In gastropods, there is a pre-existing, thick (approx. 100 nm) membrane lying between the mantle of the animal and the surface of the nacre. This, the surface membrane, was noted by Nakahara (1991) in his work on gastropod nacre, but has not, it seems, been characterized further. Possibly the surface membrane evolved to protect the growing nacre from the exterior environment when the body of the animal is retracted (Nakahara 1991) , while this is not necessary in bivalves in which the growing surface does not come into contact with the exterior. It has a complex and beautiful structure (figure 4e). As the surface membrane lies between the mantle and the shell, all components of the nacre must pass through it. On the other hand, it must be sufficiently impermeable to prevent the ingress of seawater to the growing nacre beneath when the mantle is retracted. The resolution to this conundrum appears to be that the surface membrane is a dynamic structure, with material continually being added at its mantle side and leaving at the shell side. The surface membrane appears to serve as a guide or template for laying down a fresh liquid crystal layer in gastropods: a new interlamellar membrane periodically detaches itself at the shell side. The chitin crystallites aggregate into a new interlamellar membrane adjacent to the shell side of the surface membrane, as figure 4f displays. There is a slight tilt to the interlamellar membranes in gastropods, such that they detach first from the surface membrane in the adoral direction (figure 4h).
Layers of crystallites in liquid crystals are mathematically analogous to atomic or molecular terraces in crystals, and, just as defects are common in crystals, they are also widespread in liquid crystals. Cholesteric liquid crystals, as we have here, typically show screw and edge dislocations (Kléman 1989) ; indeed, these are what we find in the interlamellar membranes of bivalve nacre. Screw dislocations manifest themselves as the typical spiral patterns seen in scanning electron micrographs of bivalve nacre (figure 1h-l ). Edge dislocations are hard to spot in micrographs of the growth surface and show up more clearly in sections through the material. The template function of the surface membrane in gastropods means that the defects are not so often introduced into the layer structure; it guides the production of new membranes so they form with fewer defects compared with the bivalves. However, edge dislocations do occur in gastropods (figure 1d ). Bivalve nacre is seen to form both spiral and target patterns on its growth surface. While the former are the manifestations of screw dislocations propagating upwards, as fresh interlamellar membrane is laid down at the leading edge of the screw, the latter are how new layers of membrane nucleate and grow. The nucleation and growth of layers of liquid crystal can be analysed as the nucleation of crystals; in the same way as there is a correspondence between the defects in solid and liquid crystals, so there is with nucleation and growth too. Crystals typically nucleate and grow by a tangential growth mechanism, termed two-dimensional nucleation (Chernov 2003) , in which a fresh layer of material is deposited atop an existing one, leading to growth hillocks formed of piles of layers, which are exactly what we observe here in the case of the liquid crystals forming the interlamellar membranes in nacre. We are presently working, following the analogy between tangential growth in crystals and liquid crystals, to model the formation of these interlamellar membranes.
The interlamellar membrane: a fibrous composite
A liquid-crystal layer of chitin crystallites then forms the core of each interlamellar membrane in nacre. However, this structure on its own is not strongly bonded together and thus would not have the material strength necessary for its purpose in nacre. This is remedied by the addition of proteins having an affinity for chitin. These are present in the extrapallial liquid, and cover the chitin layer, forming a coating that binds together and stabilizes the crystallites to form a strong composite material-a membrane. Chitin crystallites incorporated into a protein matrix have been noted, inter alia, in arthropod cuticle, nematode eggshell and vestimentiferan tube (Neville 1993; Gaill et al. 1992) . Similar bonding is observed in other biological liquid crystals that would not be stable and useful in their biological environment in their original state (Vincent 2005) , and glycoproteins that would fulfil the role of this protein matrix are known to be present in nacre (PereiraMouriès et al. 2002) . Protein-chitin interactions may be facilitated by the coincidence of hydrogen-bonding sites along chitin and protein chains; the repeat distance is synchronized 2 : 3 between the aminosugars in chitin and the aminoacids in a protein with b-sheet conformation (Fraenkel & Rudall 1947; Neville 1993) . In bivalves, it is notable (figure 5a) that the distance between membranes rises from approximately 90 nm produced by the liquid-crystal interaction between chitin crystallites as new membrane is formed to approximately 500 nm of mature membrane prior to mineralization (Bevelander & Nakahara 1969) . And in gastropods, a fresh membrane detaches from the surface membrane and positions itself with approximately the same spacing from its neighbour (Nakahara 1991; approx. 500 nm is typical in both bivalves and gastropods, but for some species this membrane spacing can be rather more, or less). The physical reason for this increase in the membrane spacing can be found in the above chemical process. The combination of hydrophobic chitin and relatively hydrophilic glycoproteins produces an amphiphilic structure in which glycoproteins shield the chitin from the aqueous extrapallial liquid by surrounding it. This adds a new component to the balance of attractive and repulsive forces between the membranes that determines their spacing. This balance is usually described in terms of van der Waals and electrostatic (Coulomb) forces (these are often grouped together as Derjaguin-Landau-VerweyOverbeek (DLVO) interactions), hydration (solvation) repulsion and undulation (Helfrich) repulsion from steric interactions (Boal 2002) . All depend on the molecular characteristics and solvent conditions, making a quantitative analysis of the spacing all but impossible to perform without a detailed knowledge of the system that as yet we do not possess. We can, however, affirm that similar stable lamellae form in amphiphile-water systems (Ikkala & ten Brinke 2004) , and that the observed approximately 500 nm spacing in nacre is consistent with the layer spacing in lamellar amphiphilic systems. The increase, from approximately 90 to 500 nm, we can understand qualitatively in terms of an additional repulsion term in the force balance between membranes introduced by the electrostatic charges on the amphiphilic structure of the mature membrane. This change in the force balance from the original cholesteric liquid crystal to the mature membrane covered with protein would serve to repel the membrane from its neighbouring interlamellar membrane.
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The interlamellar membrane then consists of chitin core of a felt-like mesh of fibres that are coated with protein to form a fibrous composite. What is seen in micrographs of the interlamellar membrane depends on the chemical treatment to which the sample has been subjected. While in some cases the bare chitin core may be visible, in others it may be coated with proteins; both glycoproteins and others. The complete chitin-protein composite is what is normally seen in our scanning electron micrographs of the interlamellar membrane, untreated except for carbon sputtering in figure 4 . Depending upon the taxon in question, there may be pores visible in the membrane (Nakahara 1991) . In gastropods these pores are invariably seen. They are of irregular shape but of a characteristic size and spacing, consistent with a distribution of crossed fibres (figure 4b). In bivalves, our scanning electron micrographs of the interlamellar membrane show either a smooth surface or a surface with patterning, but in either case, pores are far less frequent than in gastropods (figure 4c). The occasional pore that we find in bivalve membrane is minuscule ( figure 4d ). On the other hand, there are larger pores in scanning electron micrographs published by others of the interlamellar membrane of various species of bivalve (Nakahara 1991); these samples have possibly undergone treatment that lays bare the chitin core of the membrane. Another pertinent observation is that of a section through a pore in the bivalve, Pinctada maxima, which shows it to be filled with organic material (Rousseau et al. 2005b) . It may be that the proteinaceous coating of the interlamellar membrane generally blocks the pores in bivalves, but not in gastropods. We shall discuss this further below when we come to mineralization.
The extrapallial liquid
The extrapallial liquid surrounding the membranes is an aqueous medium that must necessarily contain all the constituents of nacre: polysaccharides; proteins; and mineral. If we leave aside for a moment consideration of the mineral component, the other main element, together with chitin and glycoproteins, which has been distinguished in nacre is protein that has been identified with silk fibroin (Weiner & Traub 1980; Levi-Kalisman et al. 2001) . It is probable that this is what appears in transmission electron micrographs as filamentary matter within the spaces between the membranes prior to mineralization (Bevelander & Nakahara 1969) , and in atomic force micrographs of mineralized nacre as a spongiform material within the mineral tablets (Rousseau et al. 2005b) . It may also adhere to the chitin-protein composite membranes and accumulate both around the mineral tablets, forming a so-called intertabular matrix (Addadi et al. 2006 ; figure 6a-c), and in gastropods, an organic core to the mineral tablets (Mutvei 1978; Nakahara 1983 ; figure 1d ).
As we commented above, nacre growth takes place in a growing domain, which implies that fresh liquid is constantly being secreted into the extrapallial space as it is used up by being locked into the earlier grown nacre. We should not then think of the constituents of nacre discussed up to now having to cross the extrapallial space, rather that the components are secreted together with the extrapallial liquid, and as the quantity of extrapallial liquid becomes sufficient to form a new interlamellar membrane, they self-organize into the membrane structure. After a new interlamellar membrane has been formed, it moves within the extrapallial liquid to space itself at a given distance from the earlier membranes and, in gastropods, from the surface membrane. For this to occur, there must be bulk movement of liquid which implies both a sufficiently fluid nature of the extrapallial medium-it must not be vastly more viscous than water-and that there is a geometry to the system that permits this liquid flow. In gastropods, we have seen that the membranes remain porous, and so the extrapallial liquid can easily pass through them. In bivalves, on the other hand, most of the pores in the membranes may well be obturated by the stage of construction in which an interlamellar membrane respaces itself at approximately 500 nm from the initial approximately 90 nm from its neighbour (figure 5). The extrapallial liquid must then flow through the openings at the ends of a membrane, for which it is important that the membranes of bivalves contain as many defects as they do. A similar flow should occur in the reverse direction when some of the water is displaced from between the membranes during mineralization. The necessity for the extrapallial liquid to be of sufficiently low viscosity for the membrane to be able to increase its spacing implies that the silk fibroin should aggregate only after this event takes place. Possibly, the aggregation might be induced by a change in pH or ionic strength (Foo et al. 2006) produced by the alteration in the extrapallial liquid composition as the glycoproteins coat the chitin. In other words, the silk fibroin would form a gel only after the interlamellar membrane structure has been completely established. Such an interpretation is supported by the observation that the extrapallial liquid is homogeneous outside the membranes, and only within them are filaments seen (Bevelander & Nakahara 1969) .
Mineralization
We finally arrive at the stage of nacre construction at which mineralization takes place. The aragonite mineral component of nacre is by far the greatest portion of its three ingredients. The other two, polysaccharide and protein, constitute together less than 5% by either mass or volume (Jackson et al. 1988 ), but they form the linchpin of the whole assembly; the entire skeleton of nacre has been constructed up to this Dynamics of nacre self-assembly J. H. E. Cartwright and A. G. Checa 499 point without the mineral part, and it is only now, at the culmination of the process, that mineralization occurs. Of course, this should not be taken to imply that the role of the mineral component is unimportant. Far from it, its existence is vital to providing the desired material properties of the nacre, but its presence has not been required to form the structure of the material. The mineralization of nacre proceeds with calcium carbonate occupying the space between the interlamellar membranes. It seems that the mineral is initially present in growing nacre in an amorphous form (Nassif et al. 2005 ) that would be unstable in an abiotic environment. It is speculated that calcium carbonate may be transported in this amorphous state to its crystallization site within the partially completed assembly, having been previously formed elsewhere in the mantle (Addadi et al. 2006) . We have noted in scanning electron micrographs the presence of spherical structures associated with the surface membrane of gastropods (figure 6e). When demineralized and viewed in a slice with transmission electron microscopy (figure 6d ), we see they are hollow with a membrane around them. In other words, they are vesicles. Might they contain mineral and be involved in this transport?
This has yet to be established. It is clear that mineralcarrying vesicles would provide a local source of raw material, and hence prevent the depletion of calcium carbonate within the membranes and the concomitant slowdown in mineralization that would inevitably occur if it were being supplied only remotely by the mantle and had to diffuse across the extrapallial space from there. The advantage of employing amorphous calcium carbonate as a precursor phase would be that it is easy to alter the physical conditions to achieve the desired crystalline form. We note that we have only seen vesicles thus far in gastropods and only on the mantle side of the surface membrane. They appear to deform into lamellar structures thereon (figure 6d ), and we suppose the mineral phase-if that is in fact what they contain-to be liberated into the extrapallial liquid on the shell side as a fresh interlamellar membrane detaches. Our transmission electron micrographs are of demineralized samples, so we are seeing in figure 6d the organic membrane of the vesicle; this might be composed of the glycoproteins that are associated with the chitin.
Calcium carbonate crystallized in an abiotic environment under the conditions in which it is deposited in nacre forms the calcite polymorph, but it is the aragonite polymorph that is found in nacre. Thus, it is clear that the crystal polymorphism is being controlled by the system; and indeed, proteins present in nacre cause calcium carbonate to crystallize in vitro as aragonite (Belcher et al. 1996; Falini et al. 1996) . Aragonite is rather harder than calcite, which may be the reason for this control over the polymorphism. Each brick or tablet is a composite of aragonite incorporating the organic matrix described above (Rousseau et al. 2005b) . This must add considerably to its resistance against fracture, and it is apposite to note the similarity with the structure of adobe bricks of mud reinforced with straw used in some traditional architecture for the same reasons of improved material properties over mud alone. The intertabular matrix surrounding each tablet (figure 6a-c) may be produced by compositional zoning-partial segregation of the organic matterduring mineralization. Work on crystal growth in gels has shown behaviours ranging from the total incorporation of a fibrous network during crystal growth to complete segregation, depending on the nature of the crystal and of the foreign material (Henisch 1996; Grassman et al. 2003) . In gastropods, tablets have an organic core (Mutvei 1978 ); as we may note in figure 1d . One possible explanation for this is that the tablet begins to grow when close to the surface membrane, when the concentration of organic material in the extrapallial liquid is high, so this is incorporated as a central organic-rich core. As growth continues, the concentration of organic material drops and the outer regions of the tablet are more mineral rich. Gastropod tablets are also sectored (Mutvei 1978) , and compositional zoning as the sectors grow may be important. The tablets develop following the shape of the membranes that contain them, first growing upwards and outwards from points on the lower membrane until they contact the upper membrane, from when on they continue to grow outwards only until they contact their neighbouring crystals in the same layer, and in so doing they form a random close packing within each layer. All these observations imply that there is a variety of proteins present to both promote and inhibit mineralization (Marin & Luquet 2004) ; there would be an initial promotion of mineralization as a fresh tablet is formed, while when it contacts the membrane above it, further growth would be inhibited in that direction. Nacre then has in common with many other examples of biominerals that there is exquisite control over crystallization. A particularly interesting example of this is the morphology of the tablets present at the centres of screw dislocations in the interlamellar membranes of bivalves, which follows the spiral geometry of the membranes (figure 6f-h). Both bivalve and gastropod nacres grow at different levels simultaneously, with deeper levels in the structure being completed as new upper levels are begun. In bivalves, this proceeds by new tablets in an upper layer initiating their growth from the edges of growing tablets in the layer below, forming an interlocking structure of brickwork (Rousseau et al. 2005a; Checa & Rodríguez-Navarro 2005) . Mineralization is rather different in gastropods, in which the tablets in upper layers are centred on those in lower layers, forming columns (Nakahara 1983) . In both cases, a tablet only begins to grow in an upper layer once there is one present in the layer beneath it, and tablets in a vertical line in both gastropod (DiMasi & Sarikayai 2004) and bivalve nacre (Hou & Feng 2003; Checa & Rodríguez-Navarro 2005; Checa et al. 2006) show coincident crystal axes ( figure 7a,b) . Thus, it is clear that either the mineral itself or some other substance that carries with it the information regarding the mineral crystal axes must pass from one layer to the next. In other words, there is either homo-or heteroepitaxy involved. The differences in the quantity and size of pores in the interlamellar membranes of bivalves and gastropods could be the key to clarifying these questions (Hou & Feng 2003) . We have seen that the pores in the interlamellar membrane of gastropods remain open even after it has been coated with protein. Thus, it would not be a great surprise to find in gastropod nacre the aragonite itself passing as a mineral bridge from layer to layer. Indeed, there is strong, albeit not yet conclusive, evidence for this (Schäffer et al. 1997; Song et al. 2003) . Following the mineral bridge Carter (1990) . Other data are from personal communications (E. M. Harper 2006) and our own work. The temporal distribution of the bivalve families is from Skelton & Benton (1993) .
Dynamics of nacre self-assembly J. H. E. Cartwright and A. G. Checa 501 hypothesis, since pores are large and plentiful, as soon as a tablet in the layer below reaches the membrane above it continues to grow through these pores (figure 7a), and there is then no shortage of mineral bridges to continue the growth of a tablet in the upper layer with the same crystalline orientation (DiMasi & Sarikaya 2004) . As gastropod tablets are sectored (Mutvei 1978) , the transmission of the structure of sectors would be expected to occur via various mineral bridges per tablet. On the other hand, in bivalves, most pores in the interlamellar matrix appear to be filled only with protein and not with mineral (Rousseau et al. 2005b) , and there is as yet no evidence of mineral bridges. However, the tablets in different layers do retain the same crystalline orientation (Hou & Feng 2003; Checa & Rodríguez-Navarro 2005; Checa et al. 2006 ; figure 7b ). It is difficult to envisage how the intertabular organic matrix could transmit information regarding the crystal orientation necessary for heteroepitaxy to take place, given that it itself does not have a fixed crystalline orientation, and furthermore that it is in contact with amorphous rather than crystalline calcium carbonate (Nassif et al. 2005) . The simplest explanation is that there are mineral bridges in bivalves too. If these are more widely spaced than in gastropods, this could explain the observation that in bivalves new tablets on an upper layer grow at the borders of one on a lower layer (cf. figure 7b ): as the lower tablet grows outwards, it arrives at a pore in the membrane above it, whereon it grows through the pore and initiates the tablet above, which is then naturally found at the border of the lower one, as we sketch in figure 7b . This is consistent with our observation that open bivalve pores are rather infrequent (figure 4d ). It is clear too that pore size must influence the growth rate of a mineral bridge, as we sketch in figure 7c,d.
We have noted that gastropod nacre in formation contains piles of mineral tablets, while in bivalves there are steps of tablets forming spiral, labyrinthine and target patterns. The final question we must ask ourselves in terms of the dynamics of nacre assembly is how the membrane morphology described above leads to the mineral morphologies seen in figure 1. This is attributable directly to the differences in the formation processes of the interlamellar membranes. While in gastropods mineralization happens when an entire interlamellar membrane has formed and has separated as a whole within the extrapallial liquid, in bivalves it occurs after the membrane respacing has taken place, and membrane formation continues some tens of micrometres ahead of the front of growing mineral tablets within the interlamellar space formed by that membrane. If we imagine an early stage of nacre formation in both taxa, we see that in gastropods nucleation of mineral can take place over an entire two-dimensional surface more or less simultaneously, which leads to a random pattern of nucleation over the surface producing a distribution of tablets that form the bases of the piles we see growing up in figure 1a-d. In bivalves, on the other hand, the nucleation of mineral commences behind the growth fronts of the first interlamellar membranes, i.e. on one-dimensional lines following these growth fronts. As the fronts advance, encounter each other, join, initiate spiral dislocations and so on, the mineralization front follows behind, and these events are reflected in the morphology seen in figure 1e-l. It is intriguing that in the cephalopod, Nautilus, the nacre appears to have a morphology intermediate between that of gastropods and bivalves; in some regions, there appear the towers characteristic of gastropods, while in others there are the steps seen in bivalves (Mitchell & Phakey 1995) . It would be most interesting to look more closely at this case to see how the two dynamics are blended in the cephalopod.
CONCLUSIONS
Nacre is a biocomposite involving three components: mineral (aragonite); polysaccharide (chitin); and protein (glycoproteins, silk fibroin and others). Many other natural composites involve two of these three components, but in having all three together, nacre is a member of the most advanced class of biological composite materials. Each of the components forms composite structures on different scales: the mineral grows through an intracrystalline protein matrix and the membranes between crystal layers have a polysaccharide core covered in a proteinaceous coating. Moreover, nacre assembly takes place in both bivalves and gastropods outside the cells that manufacture the component parts. Thus, any control exercised by the cells themselves can only be remote, and nacre is the result of the pooled secretions of neighbouring cells; the lack of faults coinciding with cell boundaries is a demonstration of the self-assembled nature of the material. We have seen that nacre is constructed in a manner that would seem, to a bricklayer, to be the most peculiar way of building a brick wall: a nacre wall is built by first depositing the mortar and only subsequently growing the bricks within it. This underscores a crucial point to be understood about nacre: it is frequently seen as a biomineral-with the emphasis on mineral-while in fact it is the few per cent of organic materials constituting the skeleton of the material within which the mineral is deposited which is the primum mobile for the self-assembly.
The spirals and target patterns of the mesoscale structure of bivalve nacre have long been noted, and for decades attempts have been made to assimilate the phenomenon to other instances of similar patterning (Wada 1966) . What was lacking in those efforts, however, was firstly the understanding that the most visible aspects of the patterning, the aragonite tablets, are merely elements adorning the underlying membranes, and secondly and more fundamentally, a means of linking any physicomathematical theory of the growth of the patterns-spirals, target patterns and so on-to the underlying biology. In the intervening period, it is not just our knowledge of molluscan biology that has improved; the basic understanding of crystallization, of liquid crystals and of membrane and fluid physics has increased beyond all recognition and has allowed us here to make the necessary connections between the physics and the biology. To some extent, our analysis is a return to the ideas current in the field of nacre research over 30 years ago, in that it was understood then that the interlamellar membranes are present before mineralization (Bevelander & Nakahara 1969) , while in the meantime this has sometimes been disputed. Certainly, we are following the long tradition of structural analysis in studies of nacre, which lately has tended to give way to molecular biology. We would argue that both biological approaches-molecular biology and structural analysis-are vital to understanding nacre formation. In the physics, a similar interdisciplinarity is also necessary. In the preceding sections, we have shown that several different areas of physics-crystallization, liquid crystals, membranes and fluids-must all be drawn upon to understand the dynamics of nacre assembly. Each has contributed some understanding of a particular component: the initial chitin crystallization; the subsequent formation of a liquid crystal; its transformation into a protein-coated membrane; and the part played by the extrapallial liquid. In the ultimate section, we have shown that mineralization pulls all these strands together. This has allowed us to put forward a coherent physical model for the dynamics of nacre self-assembly.
Nacre is an ancient material found in the earliest fossil molluscs. It is a high-performance biocomposite, but it is also a high-cost material. Possibly because it is energetically expensive for the organism to fabricate, it is seen in the fossil record to be gradually losing 'market share' in molluscs in favour of cheaper, but less high-performance materials ( figure 8 ). An intriguing question, given what we have seen above of the similarities and differences among bivalve, gastropod and cephalopod nacres, is the nature of their evolutionary relationship. Sequencing the genomes of these taxa would certainly provide much useful information in this regard. There is still much to be understood of the genetic basis of nacre construction (Wilt et al. 2003) , and we hope that this clarification of the physical aspects of the assembly will aid those studying the molecular biology.
Knowledge of the dynamics of nacre self-assembly provides clues as to how to control its construction, which would allow us to change its optical and mechanical properties. The optical properties of the material are attributed to interference in some cases and diffraction in others; the surface of nacre has been found to act as a diffraction grating (Liu et al. 1999) , while pearl colour has been discovered to arise from interference within the nanocomposite structure of the aragonite tablets (Snow et al. 2004 ). An aim of altering the parameters of nacre construction might then be to control, say pearl colour, or to change the optical properties of nacre for other, technical rather than aesthetic, reasons. Its mechanical properties too might be amenable to alteration in this way. This would be a step on the way to a future biomimetic nanotechnology in which we would have learnt from biology how to construct self-assembled structures on the molecular scale (Kato 2002; Whitesides & Grzybowski 2002) . As Feynman (1960) put it in his visionary discussion of nanotechnology, and as molluscs long ago discovered, there is plenty of room at the bottom.
